As part of the joint GE/DoE Water-Cooled Components Test Program, 1 a series of tests were performed involving the combustion of a minimally cleaned low-Btu coal gas in a pres surized gas turbine simulator. The fuel gas was produced in a I-ton/hr advanced fixed-bed gasifier using Illinois #6 coal, and filtered of particulate in a full-pressure, full-temperature cy clone separator. The resulting product had a gross heating value of approximately 5000 kJ/kg at a temperature of 540 °C and a pressure of 22 bar. Numerous contaminants also remained in the fuel gas, including approximately I 00 ppmw particulate matter (coal dust of 3 µm average size), 2000-4000 ppmv ammonia, 2000-2500 ppmv H2S, and 0.5-l.0% va porized tars, oils, phenols, and other condensible hydrocar bons.
INTRODUCTION
There is a well-documented incentive to develop techniques for utilizing coal as a fuel for gas turbine engines. This is par ticularly attractive in a combined-cycle configuration, in which the relatively high working fluid temperature of the Brayton cycle heat addition results in high overall cycle efficiency, as compared to a conventional steam plant. Because the proper ties of coal. as mined, are not directly compatible with the combustion system requirements for a gas turbine fuel. efforts to develop a coal-burning gas turbine have focused on conver sion of coal to a more usable form. The most economical and technically viable approach, given the present state-of-the-art, is coal gasification. In particular, the integrated-gasification combined cycle OGCC) plant is an approach which simulta neously addresses the technical and environmental issues that are encountered with the use of coal. There are questions, however, regarding the high capital costs and operability of the IGCC approach. For the most part, these questions are related to the complexity of the plant hardware.
A somewhat simpler gasification/combined-cycle approach, which offers higher cycle efficiency and lower capital costs than the IGCC plant, is the so-called raw gas cycle (RGC) plant. In this approach, the coal-derived fuel gas produced by the gasifier is utilized in a near-direct manner in the gas turbine combustor, rather than being subjected to a complex train of treatment processes. The fuel is not thermally quenched as in the IGCC approach, and the thermodynamic availability of the fuel is thus retained. Also, the heavier hydrocarbons (tars, oils, etc.), which are present as vapors in the fuel gas stream, are not condensed, and thus handling of these process liquids is not necessary. The only treatment of the fuel gas that is proposed is a particulate cleanup system, probably involving a cyclone or cyclone train. The technical feasibility of this sys tem will depend to a great extent on the characteristics of the fuel gas, i.e., the temperature, pressure, and chemical nature of the gas, and its impact on the gas piping, cyclones, and valves. The environmental feasibility of this system depends to some extent on what regulations are in effect at the time of a system implementation. Of interest, primarily, are the gase ous emissions of oxides of sulfur and nitrogen. Control of these emissions, if necessary, may be approached through treatment of the either the raw coal feed, the coal-derived product gas, or the products of combustion (flue gas). Exten sive treatment of the fuel gas is the approach used in the IGCC system.
An extensive investigation has been undertaken to evaluate the feasibilities of the raw gas cycle (RGC) approach. This effort has been supported in part by two U.S. Department of Energy contracts. The first of these involves a paper study of the RGC power plant as compared to a number of competitive approaches. 2 The second project involves an experimental in vestigation of the fuel and combustion system performance of an RGC pilot-scale system, and of the performance of hot-gas path components exposed to the products of combustion3 The data reported in this paper resulted from this second program. Although the principal objective of this program was to evalu ate the performance of water-cooled turbine gas path hardware exposed to the products or combustion (POC) or a minimally cleaned, coal-derived gas, substantial information regarding the properties of the fuel gas and of the POC were generated. These data form the basis for this paper.
EXPERIMENT AL FACILITIES Figure I shows a simplified schematic of the pilot-scale fuel and combustion systems that were used in the experiments. An advanced, fixed-bed, air-blown coal gasifier delivers low Btu gas at 500 (O 600 °C to a single-stage, cyclone dust separa tor. The cleaned gas is then piped to a test cell, where it is burned in a gas turbine simulator. Excess gas produced by the fuel system is flared. All of the necessary control and shutoff valves are included. A data acquisition system records impor tant temperatures, pressures, flow rates, etc., and gaseous and particulate samples are taken at appropriate locations. Figure 2 shows a cross section schematic of the coal gasifier. This existing facility has been in operation since 1975. The nominal capacities of' the system are approximately 900-kg/hr coal feed, 2000-kg/hr air blast rate, 0.4 steam-to-air ratio, and a 3600-kg/hr low-Btu gas production rate. The gasifier operates at a pressure of approximately 2.2 MPa. The low-Btu gas produced is directed to either a direct-contact wa ter quench, or to a full-temperature, full-pressure cyclone separator. The cyclone was installed as part of the current pro gram, and was used to clean the gas prior to combustion in the gas turbine simulator.
The physical details of the design and operation of the gasifier and particulate removal systems are discussed in a con current paper [ll,4 and are omitted here for brevity.
The low-Btu gas is delivered to the gas turbine simulator facility at the full temperature and pressure (500-600 °C, 2.2 MPa) of the gasifier exit_ less heat losses in the transport piping (typically 10-30 °C at steady-state conditions). The gas temperature is of critical importance from both a cycle efficiency and a facility operations standpoint. The cycle efficiency of a power plant that avoids quenching of the fuel will be higher than that of one that quenches (all other factors being equal). Keeping the gas temperature high also avoids problems associated with the condensation of tars, oils, etc.� these problems include plugging of valves, pipe and fittings, flow orifices, the fuel noale, and other components, as well as operational problems in the combustor. In these and prior tests, it was determined that this condensation occurs if the gas temperature drops below about 400 °C.
The gas turbine simulator facility was originally designed as a tool for the investigation of the deposition effects on turbine nozzles from the products of combustion (POC) of low-grade fuels. Figure 3 shows a schematic of the turbine simulator. The objective is to simulate the combustion system and hot gas path sections of an industrial gas turbine engine. Air is supplied at compressor discharge conditions to a pressure vessel which contains the combustor and transition piece com ponents. A standard reverse-flow combustion system is used. The transition piece directs the POC to an annular-sector tur bine nozzle, which represents the first-stage nozzle of a multis tage gas turbine. Downstream of the nozzle the gases are quenched, and pass thorough a backpressure control valve.
A substantial amount of gas-path hardware originally fa bri cated for a previous GE/DoE program5 was utilized in the present program. This included both the transition piece and the turbine nozzle sector, which was water-cooled. The combustor liner is a slightly modified MS-6000 production liner, which is approximately 280 mm in diameter and 760 mm long. Gases exiting the combustor pass through the transition piece, where a reduction in flow area of approximately 50% oc curs, and the gas path shape changes from circular to an annu lar sector cross section. The water-cooled turbine nozzle has 5. High-Temperature Turbine Technology (HTTT) Program [2)
3 aerodynamic characteristics typical of a highly loaded, low reaction first-stage nozzle, with a low aspect ratio (somewhat less than unity), and a very high turning angle (exit gas angle approximately 75° from axial). There arc three individual throat sections in the nozzle, which have a total cross-sectional area of approximately 8260 mm 2 .
Figures 4 through 6 arc photographs of some of the turbine simulator hardware. Figure 4 shows the modified MS-6000 combustion liner, configured to accomodate combustion of the high-volume, low-heating value fuel [3] . Figure 5 shows the transition piece and combustor liner assembled inside the tur bine simulator pressure vessel. Figure 6 shows the water cooled turbine nozzle sector. The use of a high-temperature, low-Btu gas fuel in the tur bine simulator presented some very special problems in the fuel delivery system design. The combination of high tem perature and high pressure, with abrasive particulate present, added to the fact that the gas was combustible, presented strict design constraints. All piping was designed in accordance with ASME codes, and medium-carbon stainless steel material was selected. Special shutoff and control valves are used, capable of operation in the extreme environment. Both insulation and heat tracing are used to reduce heat losses and to preclude con densation from the gas stream. A nitrogen purge system pre vents air from contaminating the system. Figure 7 shows the injection face of the nozzle, including the gas fuel swirler. The nozzle is also capable of in jecting a distillate liquid fuel, using high-pressure air to accom plish the atomization. The details of the design and develop ment testing of the combustion system hardware are described in a concurrent paper [3] .
Gaseous and particulate sampling is performed at a number of locations within the test facility in an effort to properly characterize the fuel and products of combustion streams. In the gasifier, samples of the feed coal, rejected ash, cyclone catch, and the quench blowdown sludge are taken. A gaseous sample of the product gas is taken and analyzed for major species using a mass spectrometer. A particulate sample is ob tained from the fuel line downstream of the cyclone, and from the combustion products in the transition piece, in both cases using isokinetic probes. A gas sample is also obtained from the POC, and analyzed for 0 2 , C02, CO, NOx, SOx, and total unburned hydrocarbons. 
TEST SEQUENCE
The program test plan was devised primarily to investigate the deposition, corrosion, and erosion phenomena resulting from exposing the water-cooled turbine nozzle to the products of combustion of the minimally cleaned gas fuel. Such phenomena were of concern because of the preserce of parti culate matter and of high sulfur levels in the fuel gas. Two tests were planned, each to be of relatively long duration (50-100 hours). The nominal test conditions are summarized in Table I . Note that two steady-state firing (nozzle exit stagna tion) temperatures were planned. The air inlet temperature chosen is not representative of the compressor discharge air at the given pressure, but was chosen to relax the fuel flow re quirement at the desired pressure and firing temperature. The air and fuel flow rates were estimated based on the assumed fuel composition and temperature, the inlet air temperature, the design combustor pressure, the firing temperature, and the actual nozzle throat area. Since the turbine nozzle operates at choked (sonic) conditions, the total POC isentropic flow rate, temperature, and pressure are related according to where:
POC stagnation temperature at turbine inlet P3 9
POC stagnation pressure at turbine inlet A1 throat area of nozzle y POC specific heat ratio R specific gas constant for POC This calculation was only approximate from an absolute value standpoint because of aerodynamic losses, nonadiabatic effects, and variable-property effects. The precise fuel/air ratio was also uncertain in that the fuel properties were estimated based on prior data.
As mentioned above, the primary objective of the tests was to assess the deposition/corrosion/erosion behavior of the water-cooled turbine gas path components. However, there was ample opportunity to gather data relative to the emissions resulting from the combustion of the minimally cleaned low Btu coal-derived gas. These data, coupled with the characteri zation of the fuel gas stream. provided an excellent basis for the assessment of the emissions performance of a state-of-the art industrial gas turbine combustion system operating on the minimally cleaned fuel gas. Firing temperature (°F) 1800
Combustor inlet pressure (atm) 7
Air inlet temperature (°C) 400
Air inlet temperature ('F) 750
Fuel inlet temperature (°C) 540
Fuel inlet temperature (°F) 1000
Air mass flow rate (kg/s) 4.7
Air mass flow rate (Ibis) 10.4
Fuel mass flow rate (kg/s) 0.9
Fuel mass flow rate (lb/s) I. 9
aDefined as the average stagnation temperature at exit of turbine first-stage nozzle row. The feed coal utilized in the tests was Illinois #6, a high volatile, medium-sulfur bituminous. The average result of analyses of a composite of samples taken during the tests is given in Table 2 . This coal has been used as the feedstock in the bulk of the prior testing done in this facility. There was concern, however, regarding the direct applicability of the ex isting data base because the new confi guration (with the cy clone) produced a hot, unquenched gas. In addition, the firing conditions of the second test required a gas capacity somewhat in excess of the nominal system maximum. The average characteristics of the fuel gas produced in the two tests are given in Table 3 . Here it can be seen that there was a slight difference in the average dry gas composition in the two tests, with the lower heating value of the gas in Test 1 exceeding that from Test 2 by approximately 2.0%. The water vapor con tent of the gas has been determined by a gasifi er system mass balance to be approximately the same for each test [1]. Using the nominal fuel compositions and the combustor in let conditions, mass and energy calculations were made for the combustion system using a chemical equilibrium approach [5] . Figures 9a and 9b show the results of these calculations. The adiabatic temperature rise and the exhaust gas oxygen and car bon dioxide concentrations are given versus the combustion system air-to-fuel ratio. Note that the test plan design point is indicated in each case.
In each of the two tests, attempts were made to hold the combustor operating conditions more or less at steady-state. This required continuous manipulation of the air-to-fuel ratio, since the fuel composition varied periodically as a normal consequence of the gasifi er operation. The control parameter that was used by the operators to determine the proper set point condition of the fuel flow control valve was the combus tor exit gas temperature. This was measured using an array of four Type B (platinum 6tYo/platinum 3QtY,, rhodium) thermocou ples protruding into the transition piece. All four of the values were read and recorded by the data acquisition system, but only one was used by the operator for control. It was assumed that the correction errors for radiation to the transition piece walls (a positive correction), and the effect of heat transfer and 
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WCCT COMBUSTOR dilution between the transition piece and the nozzle exit (a negative correction), were equal. The relatively large uncer tainty associated with the radiation error would usually tend to justify this assumption. The strategy followed in the interpre tation of the test data has been to use to the 02/C02 data along with the equilibrium chemistry calculations, to determine true air-to-fuel and fl ame temperatures. This has resulted in the correction of the data from Test 2 to report lower firing temperatures and higher air-to-fuel ratios than originally pub lished for these tests [6] _ The estimated actual average operat ing conditions for each of the two tests are noted in Figs. 9a  and 9b .
The results of the emissions measurements are of impor tance not only for aiding in determining the operational charar teristics of the combustion system, but for the determination of the environmental impact of a gas-turbine combined-cycle plant. There are a several important areas of current concern, including oxides of nitrogen and sulfur, carbon monoxide, un burned hydrocarbons, and solid particulates.
The oxides of nitrogen that are emitted from a convention al gas turbine combustion system burning clean fuels result al most entirely from the high-temperature oxidation of atmo spheric oxygen, which remains chemically "frozen" in the ex haust gas. In the case of a system using low-Btu fuel, the lower peak flame temperatures will substantially suppress this formation mechanism. This was verifi ed for the present combustor in development testing using a simulated gas fuel [3] _ The oxides of nitrogen were found to never exceed 15 ppmv (dry) in tests using the low-Btu gas fuel, while the same combustor operating on distillate fuel produced 250 ppm v (dry) at the same load condition. The peak fl ame temperatures for distillate oil under the test conditions was ap proximately 4150 °F, as compared to 3400 °F for the low-Btu gas. These emissions results, however, do not hold for the ac tual test fuel because of the presence of nitrogenous com pounds in the fuel gas, principally ammonia. The emission levels for nitrogenous oxides in the turbine simulator exhaust were as high as 500 ppmv. Unfortunately, no accurate mea surements were available of the ammonia level in the fuel gas, but prior data [4] indicate that these levels are on the order of 2000 to 4000 ppmv (dry). These levels, coupled with the max imum measured NOx levels of 500 ppmv, result in conversion yields on the order of 40 to 80°;\J. To put the emission levels quoted above in the proper perspective, however, a normaliza tion method should be employed. In the regulations currently enforced by the U.S. Environmental Protection Agency (EPA),6 the maximum allowable NO, emissions for a power plant using a solid fuel is 0.6 lb/106 Btu (0.26 µ.g/Jl of solid fuel consumed (30-day rolling average). The emissions level of NO, was monitored over the entire ,period of both tests, and the average levels (normalized to yield a so-callee! cmis-1·io11s index), were approximately 2 g NO/kg of low-Btu gas fuel burned. The mass balance of the gasification system [l] is such that approximately 4.3 kg of fu el gas are produced for each 1 kg of raw coal introclucecl, which converts the emissions in dex to 8.6 g NO/kg of raw coal. Since the raw coal heating value from Table 2 is 28,555 kJ/kg (12,276 Btu/lbml, the emissions normalized on an energy basis are 0.30 µ.g NO/J, or 0.70 lb N0/106 Btu of raw coal. Thus, despite the seemingly high absolute concentration levels of the oxides of nitrogen in the exhaust gas, the properly normalized levels are only slight ly in excess of the current EPA/NSPS standard. It is thus pos -;iblc that NO, control will not represent a major problem in a power plant utilizing a fixed-bed gasifi cation plant with minimal gas cleanup.
The oxides of sulfur produced are entirely clue to the direct oxidation of the sulfurous compounds in the fuel gas. This is primarily hydrogen sulfide (1!2S), with some lesser amount of carbonyl sulfide (COS)_ In the present fu el system configuration, there is no control in the system prior to the combustor of sulfur content in the process streams. The sul fu r present in the raw coal converts directly to sulfur oxides (primarily S02), and would thus require some form of flue gas cleanup to meet the current EP A/NSPS stanclarcls [7]_ From the data of Table 2 , the raw coal contains 0.012 kg S/kg raw coal. Each kilogram of sulfur produces 2 kg S0 2 , thus 0.024 kg S02 will be generated by each kilogram of raw coal. Using the raw coal heating value of 28,485 kJ/kg, this converts on an energy basis to 0.84 µ.g SI J of coal heating value (or 2 lb S/ 106 Btu). The EPA regulations would require that this emis sion be reduced by 90%.
A second check on the oxides of sulfur emitted (and also on the combustion system mass balance) is the direct measure ment of the sulfur oxide gases in the products of combustion. Using the H2S levels measured in the fuel gas (see Table 3 ), and the combustion system stoichiometry (see Figs_ Sa and 8bl, the predicted SC\ levels in the exhaust would be approxi mately 300 ppmv and 400 ppmv in Tests I and 2, respectively, both on a wet basis. The measured levels were in agreement with these values. As a final check, the 112S levels in the fuel can be compared to the sulfur level in the coal through a gasification system mass balance. These results [ l] were also in agreement.
Emissions of carbon monoxide (CO) and unburned hydro carbons (C 111H), although not currently regulated by the EPA, are a serious concern because of their toxicity, and because they are indications of inefficient combustion. In conventional combustion systems, these emissions arc generally not significant except at part-load conditions, when the combustor is operating too lean. In the present case this was also found to be the situation. Over the range of operation where the adi abatic temperature of the combustion system exceeded 550 °C, the emissions of both CO and unburned hydrocarbons were below 20 ppmv. In the development testing of the same combustor [3] , similar results were obtained using both simu lated low-Btu gas and distillate oil as fu els. These results indi cate that combustion efficiency is not adversely affected by the use of the minimally cleaned fuel gas.
Particulate emissions from coal-fired power plants are a ma jor concern and are tightly regulated by the EPA/NSPS [7]. The allowable level is 0.03 lb of solid particulates emitted per I 06 Btu of fuel consumed (0. 13 µ.g/J). For the mass and ener gy balances of the present system [!], the allowable particulate loading in the flue gas is 12 ppm for the lower firing tempera ture and 16 ppm for the higher temperature. From Figs. 8a and 8b it can be seen that the actual particulate emissions (as suming complete combustion) were almost an order of magni tude less than the standard. The use of a cyclone separator is thus an effective means of particulate control.
The particulate in the products of combustion are a concern not only because of atmospheric pollution, but because of pos sible deleterious effects in the combustion system and the hot gas path. These could involve erosion by particle impaction, or deposition of particulate leading to fo uling. Erosion has been observed in many of the previous attempts to utilize coal as a fuel in gas turbines, and is a concern when larger particulate matter is present in the combustion products. Deposition has been a problem in gas turbines utilizing high-ash residual oil fuels, and appears to occur even for very small particulate matter. The major objective of the program under which this work was performed was to assess the erosion/deposition per formance of the hot gas path components when exposed to the products of combustion of the minimally cleaned fu el gas. In both tests, a careful assessment was made of the deposition in the turbine nozzle and of possible erosion damage to the gas path. No significant evidence of either was detected. This was in part due to the low particulate loading in the gas path (on the order of I ppmw in each case, as shown in Fig. 8) . Also, the average size of particulate in the gas path was on the order of 2 µ.m, which would preclude significant erosion. The depo sition might also be inhibited by the fact that the due to water cooling the average turbine nozzle surface temperatures were extremely low -below 200 °C in both tests. This compares with values of 700 to 850 °C for conventional air-cooled first stage turbine nozzles. The low temperature is thought to reduce the stickiness of the deposits at the blade surface.
CONCLUSIONS
The performance of both the fuel supply and the turbine simulator systems was acceptable in simulating the larger com ponents of a simplified gasification, combined-cycle power plant. The fuel gas was representative of that expected in a full-scale facility, and the hot gas path conditions produced in the turbine simulator accurately duplicated those in an actual gas turbine. Acceptable long-term test and data acquisition capabilities were demonstrated.
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The test data support the conclusion that minimally cleaned, low-Btu coal-derived gas is an acceptable fuel for a state-of-the-art gas turbine combustion system, provided ade quate design modifications are made to prevent cooling of the fuel gas and to account for the high fuel specific volume. The emissions of the oxides of both nitrogen and sulfur arc at or above acceptable limits, and thus some form of control will probably be required for both in a commercial power plant. This might take the form of a fuel treatment (either of the raw coal or of the hot fuel gas), or possibly a flue gas treatment, or some combination of these approaches. The combustion efficiency, as indicated by the emissions of carbon monoxide and unburned hydrocarbons, was very high. Particulate emis sions were acceptable, and indications are that a conventional cyclone separator will reduce the particulate loading in the fuel sufficiently to satisfy emission requirements.
The effect of the contaminants in the fuel gas on the hot gas path components was determined to be negligible, due to the low concentration of potentially harmful contaminants, and also possibly to the low surface temperatures of the watcr cooled components. To aid in evaluating the effect of water cooling, and also to more carefully characterize the fuel gas stream, a series of fu rther experiments is planned using air cooled turbine hardware.
